[1] A 300 km long magnetotelluric profile across the Great Valley, Sierra Nevada, and California Basin and Range reveals minimum resistivity differences of 1 order of magnitude at depths from Moho at 30-35 km to depths greater than 200 km. Horizontal wavelengths of 25 km are seen for these changes at depths shallower than 100 km, and the Isabella high seismic wave speed anomaly is present in the section between depths of 100 and 200 km as a minimum tenfold resistivity increase. A transformation from electrical resistivity to temperature and melt fraction using a petrological model and laboratory measurements reveals that partial melt is relatively uncommon and confined primarily to depths between 30 and 100 km. The remainder of the observed resistivity variation is attributed to lateral variations in temperature. Predicted melt fractions match those inferred from Miocene-Quaternary xenoliths, but modeled temperatures are $200°C higher than inferred from thermobarometric analyses of the xenoliths. Possible causes for this discrepancy include an incorrect starting material for the petrological model, exotic conductive phases, higher conductivity due to oxidation state and/or iron content, and diffusion of ions through the solid matrix. I show that hydrogen diffusion or higher oxygen concentrations are plausible explanation for the higher model temperatures. Less than 200 ppm H/10 6 Si in olivine would increase the conductivity of the matrix sufficiently to allow temperatures inferred from the resistivity section to match those from the xenoliths. A possible source of the hydrogen would be fragments of sinking, metasomatized mantle lithosphere that melted during Cenozoic delamination.
Introduction
[2] The juxtaposition of elevations in excess of 4000 km above sea level (asl) on the flanks of an active belt of continental extension has led to questions of how the high elevations are supported. The Southern Sierra Continental Dynamics project in 1993 [e.g., Park et al., 1995] and the Sierran Paradox experiment in 1997 (Figure 1 ) revealed that the southern Sierra Nevada lack a crustal root and are instead supported by partially melted asthenosphere [Wernicke et al., 1996] . Low mantle seismic velocities [Ruppert et al., 1998 ], xenolith thermobarometry [Ducea and Saleeby, 1996, 1998b] , low electrical resistivities [Park et al., 1996] , and basalt geochemistry [Farmer et al., 2002] all confirm that the mantle lithosphere is missing in this region and that the asthenosphere is directly beneath granitoid crust at a depth of approximately 35 km. Geological and geochemical studies of the xenoliths and basalts show that a mantle lithosphere at least 70 km thick was present beneath the granitoid crust at 8 Ma but was lost by 3.5 Ma [Ducea and Saleeby, 1998b; Ducea, 2002] .
[3] The composition of the missing component of the lithosphere is likely eclogitic. Eclogite xenoliths are found in 12-8 Ma basalts of the San Joaquin and King volcanic fields. Assuming a basaltic andesite bulk composition for the Mesozoic arc magmatism during the time of formation of the Sierran batholiths, Ducea and Saleeby [1998b] estimate that an eclogitic residue 1-2 times as thick as the granitoid crust would have developed. Because the granitoid crust is $35 km thick [Fliedner et al., 1996] , this calculation indicates an eclogitic root of 35-70 km during Miocene times. Further, isotopic studies of 3.5 Ma basalts show that the eclogite was removed and not metamorphosed [Farmer et al., 2002; Manley et al., 2000] . Such an eclogitic root would be gravitationally unstable, so loss via delamination [Bird, 1978] or convective removal [Houseman et al., 1981] seems plausible.
[4] If the mantle lithosphere was physically removed between 8 and 4 Ma, then traces of it should be identifiable in the mantle with geophysical methods. A region of anomalously high mantle velocities lies west of the area where thinning of the mantle lithosphere is documented [e.g., Benz and Zandt, 1993; Jones et al., 1994] . Velocities in this ''Isabella anomaly'' are >3% higher than the surrounding mantle [Benz and Zandt, 1993] . The anomaly is areally restricted, however (Figure 1 ), suggesting lateral migration of mantle lithosphere to the west [Zandt, 2003] . The eastern edge of the Isabella anomaly coincides approximately with the boundary between low heat flow (18 -21 mW/m 2 ) to the west and higher heat flow values (32 -57 mW/m 2 ) more characteristic of the Basin and Range to the east [Saltus and Lachenbruch, 1991] . The upwelling mantle lies east of the Isabella anomaly where the heat flow is higher. As will be shown here, the Isabella anomaly also has high electrical resistivity.
[5] Results of a broadband and long-period MT study of the Sierra Nevada and California Basin and Range are presented here. I first explain how a resistivity cross section is derived from the MT data and discuss bounds on that section. The section shows that the mantle is strongly heterogeneous, complicating its interpretation. I then use a petrological model combined with laboratory measurements to separate the effects of partial melt and temperature in the resistivity section and show that partial melt is much less prevalent than would normally be inferred from the resistivity section. I finally compare the temperatures and partial melt fractions predicted to those estimated from xenoliths and discuss reasons for discrepancies.
Magnetotelluric Studies
[6] Time varying magnetic fields at the surface induce small electric fields in the Earth that are distributed by heterogeneous conductivity structure. The magnetotelluric method monitors these fields at periods from 0.001 s to over 20,000 s in order to determine the electrical impedance and magnetic transfer function of the Earth (see Vozoff [1991] for a review of the method). The complex, period-dependent impedance is a tensor relating the vector horizontal electric and magnetic fields. The tensor is typically decomposed into two principal orthogonal impedances. These two impedances, usually called the transverse magnetic (TM) and transverse electric (TE) modes, are perpendicular and parallel to local geologic strike, respectively, if the structure is approximately two-dimensional (2-D). Because threedimensional (3-D) inversion is not yet publicly available, data are usually inverted with 2-D inversions to yield an electrical resistivity cross section perpendicular to strike [e.g., Rodi and Mackie, 2001] . The TM and TE modes respond to different aspects of the structure, and errors can arise when using 2-D models to interpret 3-D data. The TE mode is sensitive to conductive bodies parallel to strike and can be distorted by truncation of those bodies along strike [Wannamaker, 1999] , as would happen in 3-D structures. The TM mode is more sensitive to resistivity contrasts with strikes parallel to geologic strike and is less sensitive to truncation of those structures, so typical 2-D inversions weight the TM mode more heavily. Both modes over truncated resistive structures are less sensitive to end effects and 3-D bodies can be approximated with 2-D models without major errors [Berdichevsky, et al., 1998 ].
[7] Just as the impedance relates the horizontal electric fields to the horizontal magnetic fields, the magnetic transfer function relates the vertical to the horizontal magnetic fields [Schmucker, 1970] . While this sensitivity is similar to that of the TE mode, these functions are also similar to the TM mode because they are less sensitive to truncation of these conductors along strike. Thus these functions are usually weighted almost as heavily in 2-D inversion as is the TM mode [Wannamaker, 1999] . The transfer functions are often represented as induction vectors that show the direction of the greatest correlation between the vertical and horizontal magnetic fields. We normally plot the real components of the induction vectors (Figure 1 ), which usually point toward 2-D conductors [Schmucker, 1970] .
[8] Electromagnetic energy diffuses, rather than propagates as a wave, into the conducting Earth. Longer periods thus penetrate deeper into the Earth. The principal complex impedances are transformed into magnitudes and phases and plotted versus period to create a pseudosection (Figure 2 ) with short periods (proxy for shallow depths) at the top. The magnitudes are converted to apparent resistivities for ease of visual analysis and discussion. The pseudosections cannot be transformed directly into depth sections because the depth of penetration of the electromagnetic energy depends also on the resistivity through which the energy diffuses. Instead, 2-D modeling is used to find structures that reproduce the observed pseudosections.
[9] Data used for this study were acquired from 1993 to 1997 and consist of 54 commercially acquired broadband soundings and 12 long-period soundings collocated with selected broadband stations (see Park et al. [1996] and Park and Wernicke [2003] for details of surveys). All data were Park et al. [1996] , and white dots are from Park and Wernicke [2003] . Solid squares with site numbers are longperiod sites used in this study. Inset at bottom shows induction arrows at sites for a period of 100 s. White line is SSCD seismic line, and dashed line shows eastern edge of Isabella anomaly. Kern volcanic field (KVF) is the source of some xenoliths. Crystalline outcrops are outlined with thin black lines; major faults are heavier lines. Other symbols shown are DP, Darwin Plateau; DV, Death Valley; GV, Great Valley; HS, High Sierra; K, Kern River fault; OV, Owens Valley; and SN, Sierra Nevada. acquired using remote referencing to reduce the effects of noise. The commercial data were acquired at periods from 0.008 to 1,000 s with the Phoenix V5 system, while the long-period data at periods from 20 to 20,000 s were acquired with LIMS (long period magnetotelluric systems) from the Geological Survey of Canada (Figure 1 , stations 1-15) and the University of Washington (stations 22, 105-128) . Only cross-power spectra and transfer functions were provided with the commercial data, which were processed with a proprietary cascade decimation program. The long- Figure 2 . Pseudosections of MT data and associated fits to data from final model. Each section is labeled with the type of data (apparent resistivity in ohm m or phase) and its orientation (N-S or E-W). Color scales for apparent resistivities and phases are shared, but ranges are labeled differently for these quantities. Similarly, scales for difference pseudosections for apparent resistivity and phase are shared but ranges are different. Sections of data excluded from the inversion are shown with black areas in difference pseudosections. Note that most of the TE phases and all of the TE apparent resistivities (i.e., the N-S mode) were not used in the inversion. The E-W pseudosections show no systematic misfits, and the large misfits on the N-S phases are due to the larger error floors for this component.
period data were processed with a robust analysis [Chave et al., 1987] both with and without remote referencing; the remote referencing made no apparent difference for the long-period data.
[10] Data quality from the broadband soundings was relatively poor at periods beyond 200 s, so the long-period stations provide the primary data for this study of the mantle. Additionally, the only reliable vertical magnetic transfer functions came from the long-period stations. Because of the delay between the broadband and longperiod surveys, collocation of sites was not exact. Thus long-period impedance magnitudes were shifted by factors of 1 to 5 to match those from the broadband stations; see Park and Wernicke [2003] for a detailed description of the shift process. Broadband static shift corrections used by Park et al. [1996] and Park and Wernicke [2003] are applied to the merged data in this study (these references explain how the shifts were derived and provide tables of the applied shifts).
[11] Previous interpretations of these MT data have either been limited by computer capabilities [Park et al., 1996] or have focused only on the correlation of the crustal electrical resistivity section with surface geology [Park and Wernicke, 2003] . Park et al. [1996] used the Rapid Relaxation Inverse (RRI) method [Smith and Booker, 1991] on broadband data in the Sierra Nevada and Great Valley to delineate batholithic structure and show that the uppermost mantle has a few percent partial melt. The broadband data were unreliable at the periods needed to examine the mantle below 50-100 km, however, and no long-period data were available for their study. Park and Wernicke [2003] used the data east of the Sierra Nevada to develop a crustal resistivity model that could be correlated with a geological cross section. Because of size limits on the 2-D model, their detailed crustal model did not extend to the west where Park et al. [1996] had worked and did not optimize gridding for the mantle structure. While the later study included long-period data and vertical magnetic transfer functions, it did not have the aperture (i.e., width) to accurately image mantle structures.
Two-Dimensional Modeling
[12] This study uses all long-period and broadband data sets available from the earlier studies. Impedance tensors corrected for the effects of very shallow 3-D heterogeneity [e.g., Groom and Bailey, 1989] are taken from Park et al. [1996] and Park and Wernicke [2003] . Rodi and Mackie's [2001] 2-D inversion is used to model these data. The coincidence of the average geoelectrical strike (N10°W) with geologic strike and orientation of the induction vectors perpendicular to geologic strike led Park et al. [1996] and Park and Wernicke [2003] to conclude that the use of a 2-D model was valid. For this and the earlier studies, the E-W impedance is identified as the TM mode and the N-S impedance is the TE mode. The 2-D inversion jointly fits the observed impedance elements and magnetic transfer functions and smooths the model [r(x, z)] via minimization of the following functional:
The second term penalizes smooth variations of the final model from an a priori one. The MT inversion process is fundamentally underdetermined (more blocks of unknown resistivity than observations), so the model smoothing helps constrain the final result. It is possible to bias the final result with the starting model, however, and I therefore used the layered half-space in Table 1 as the a priori model. This layered model was determined using 1-D inversion of the determinant of the impedance tensor at a site chosen to be representative of all sites. In other words, it was chosen as an appropriate average for all sites on the profile. Layers shallower than 200 km were chosen from the 1-D inversion, and deeper resistivities were based on Swift's [1967] study of the southwest United States. Because a layered model lacks any lateral changes, lateral variations in the final model are penalized by the smoothness constraints and are required to fit the data. In this manner, I tried to guarantee a maximally smooth model in the upper 200 km.
[13] The gridded model had 218 horizontal and 86 vertical cells with lateral changes in width of less than a factor of 1.5 between any adjacent cells in order to satisfy Rodi and Mackie's [2001] modeling constraints. Only a subset of the model will be shown here; the full model extended 10,000 km to the east and west and included the conductive Pacific Ocean. On the basis of test models with and without topography, shifts of apparent resistivities of up to a factor of $2 were caused by 4080 m of relief along the MT profile. Topography was thus added in the model with 45 of the 86 vertical cells. Size limitations in the program prevented more layers in the model and the large number of vertical layers needed for the topography prevented simultaneously gridding the crust as finely as did Park and Wernicke [2003] and including sufficient layers to delineate mantle structure between 30 and 200 km. I thus compromised by emphasizing the mantle and generalizing the crustal layering used by Park and Wernicke [2003] . Because the crustal layers below the topography were thicker, data at periods shorter than 0.1 s (which respond mostly to fine details of the structure in the upper 1 -5 km) were excluded from the inversion.
[14] An adjustable parameter (t) specifies the relative weight between the data misfit and the deviation from the a priori model. A larger value places more weight on the model constraints and generates a smoother model at the expense of data fits; a smaller one yields a rougher model and better data fits. After several trials, a t of 1.0 was chosen to maximize model smoothness and minimize data misfit.
[15] Individual data are weighted in the inversion by the inverse of their variances [Rodi and Mackie, 2001] . Because formal errors from the time series analysis were often smaller than the scatter of the impedance estimates between adjacent periods, this scatter was used to establish minimum uncertainties of 5% in E-W (TM) apparent resistivity and 0.05 rad (2.8°) in E-W phase. Larger error floors of 0.2 rad (11.2°) for the N-S phase reflected larger scatter in these data and the expected greater influence from 3-D structure north or south of the profile. Note that no models were found that would satisfactorily fit the N-S apparent resistivity and the other data, so these data were not used in the final result. Finally, an error floor of 20% was chosen for the magnetic transfer functions based on the quality of the longperiod data.
[16] The inversion converged with average errors 2.1 times larger (RMS error of 2.10) than my estimates of the data uncertainties after 98 iterations, yielding the model in Figure 3 . Fits to the E-W mode (Figure 2 ) and the magnetic transfer functions (Figure 4) show good overall fits, with misfits due largely to single data points at various sites. Magnitudes of the magnetic transfer functions were generally less than 0.2, and the model predicted low magnitudes even where the data were not fit exactly ( Figure 4 ). The fit to the N-S phase was more problematic, however. Much of this phase data in the center of the line (sites 101 -115) were excluded from the inversion because of instrumental problems; the commercial broadband data were recorded in two period bands and there was an abrupt shift in the phases at the boundary between the two bands. Wannamaker et al. [2004] has shown recently that a similar shift could be due to a DC power line in Owens Valley, but the shift due to an external cause appearing at the band boundary seems too coincidental. Additionally, several sites (14, 20, 117, 118) had marked departures from minimum phase behavior and were thus excluded (Figure 2 ). The N-S phases at the remaining sites are not fit as well as the E-W phases because of the larger error floor for these data.
[17] The model exhibits both the crustal heterogeneity noted in previous studies [Park et al., 1996; Park and Wernicke, 2003 ] and significant mantle heterogeneity. Unlike the mantle model of Park et al. [1996] , the conductive body immediately below Moho (white line in Figure 3 ) does not extend eastward beneath the Basin and Range. The mantle between Moho and 100 km depth instead consists of alternating blocks of high and low resistivities. This heterogeneity is observed to depths of almost 240 km with higher resistivities to the west corresponding to the Isabella anomaly and lower resistivities to the east beneath the encroaching Basin and Range (Figure 3 ). There is some sensitivity to conductivity below 240 km where the structure becomes much more uniform. Thus the lower boundary of the Isabella anomaly at $250 km [Zandt, 2003] appears in the MT data as a transition to a more conductive and uniform mantle below it. The mantle heterogeneity should be a robust feature of the model because lateral change is penalized in the inversion. Further, there appear to be few artifacts of the layered structure from Table 1 preserved in the preferred model. I therefore conclude that the a priori model has not significantly biased the preferred model.
[18] Formal uncertainty bounds for the resistivity elements in Figure 3 are theoretically calculable in the inversion but are generally meaningless because the system is underdetermined and because sensitivity to model blocks is based on the current density in the block. That current density is, in turn, determined by the interaction of that block with the rest of the rest of the model. Sensitivity to, and thus uncertainty in, a particular resistivity will therefore change for different models. MT inversions currently do not provide formal bounds on the resistivities of the blocks. Instead, sensitivity testing is employed to establish bounds on the preferred model. In these tests, multiple inversions are run with portions of the model held fixed in order to conduct a limited exploration of parameter space. If an alternative model is found that fits the data with the errors as well as the preferred model, then both models are plausible [Park et al., 1996] . Successive tests of the same fixed region with different resistivities are used to determine when data fits are no longer acceptable, thus establishing limits on the resistivities of the fixed region. The bounds so determined in Figure 3 are for uniform resistivity within the outlined region and do not reflect the internal heterogeneity shown in each region because sensitivity testing for each resistivity cell would be prohibitive in time and memory. The bounds are one sided in many cases because the overall model sets limits on the amount of current that can be attracted (in the case of a conductor) or repelled (in the case of a resistor).
[19] The mantle heterogeneity discussed above is significant at the scale of the regions in [20] Three-dimensional effects cannot explain the high resistivity observed for the Isabella anomaly (Figure 3 ). While the model in Figure 3 was derived under an assumption that this resistive feature is 2-D, seismic evidence [e.g., Jones et al., 1994] suggests that the velocity anomaly has a limited lateral extent (Figure 1 ). Comparison of modeled responses at a site from a simplified version of the 2-D model in Figure 3 and its 3-D counterpart with the Isabella anomaly extending only 50 km north and south of the profile shows that the E-W mode is reduced only by a factor of 2 and the N-S mode is virtually unaffected by truncation at periods longer than 100 s ( Figure 5 ). Such minimal differences between the 3-D responses and their 2-D approximations are consistent with those of Berdichevsky et al. [1998] . The model in Figure 3 is based primarily on the TM mode and the Hz data, so it is nonetheless possible that the resistivity of the Isabella anomaly is underestimated by forcing a 2-D model to fit the 3-D response. On the basis of comparison of these simple 2-D and 3-D models, a full 3-D model would likely increase the resistivity contrast between the Isabella anomaly and the asthenospheric mantle beneath the High Sierra. This would make the difference between the upwelling mantle to the east and the remaining mantle lithosphere to the west even more marked.
Petrological Modeling
[21] In this section, I present a method for going beyond the resistivity section in Figure 3 and develop a systematic modeling approach using petrological modeling and laboratory measurements. The transition in terminology from resistivity in ohm m to conductivity in S/m in this section is deliberate and reflects the standard practices in two different scientific communities. MT studies typically result in resistivity cross sections, while laboratory studies measure conductivity (the inverse of resistivity). As this is an attempt to merge results from two disciplines, I have kept the standard terminology for each.
[22] A common method of interpreting such a section is to use a resistivity of 100 ohm m as a transition between mantle with partial melt (lower resistivities) and without partial melt (higher resistivities). In this manner, Park et al. [1996] concluded that the conductive mantle beneath the high Sierra Nevada contained several percent partial melt. Further work [Ducea and Park, 2000; Park and Ducea, 2003 ] refined this interpretation by proposing that sulfide melt contributes to the conductivity of this region. It is also common to infer temperature from variations in the mantle resistivity [e.g., Jones, 1992] , but this is done only for mantle without partial melt because the melt is much more conductive than any of the solid phases of the matrix. In reality, the bulk conductivity is a combination of conduction through the matrix and through the melt (and possibly other conductive phases). I present a modeling approach here that transforms the resistivity section in Figure 3 into cross sections of melt fraction and temperature. It is important to note that is approach is not offered as a final answer to interpretation of MT sections, but rather as an initial framework within which to test hypotheses. The discussion below will make this point clear.
[23] Two developments have facilitated this approach. First, Ghiorso et al. [2002] developed a geochemical model (pMELTS) that predicts which mineral phases evolve from an initial bulk composition set by the user as it spans a range of pressures and temperatures. This model, based on experimentally determined thermodynamic parameters, predicts the fractions and compositions of minerals and partial melt as the given initial composition cools (or warms) at a fixed pressure. Water content and oxygen fugacity can also be controlled by the user. The solid phases consist predominantly of olivine (ol), orthopyroxene (opx), clinopyroxene (cpx), and garnet (gar). Second, Xu and Shankland. [1999] presented laboratory measurements of the conductivity of opx, cpx, and gar, and Xu et al. [2000a] combined these phases with earlier measurements of olivine [e.g., Shankland and Waff, 1977] to make predictions of the bulk conductivity of the lower mantle. My approach simply extends Xu et al.'s [2000a] work by using pMELTS to predict the volume fractions of the solid phases, rather than assuming a constant mix. I also add the effect of partial melt into the calculation of the bulk conductivity, as Roberts and Tyburczy [1999] did.
[24] The process of transforming electrical resistivity into melt fraction and temperature consists of three steps: first compute a theoretical bulk conductivity versus pressure and temperature using the petrological model and laboratory conductivity measurements; then locate the conductivitydepth pair from Figure 3 on the theoretical bulk conductivity curve; and finally determine the temperature and melt fraction that corresponds to that conductivity-depth pair. The first step consists of calculating fractions of solid phases and melt using pMELTS (Figure 6 ). Because I am interested in the mantle from $30 to $200 km, I calculated fractions over a pressure range from 1 to 6 GPa. However, Ghiorso et al. [2002] note that pMELTS has some difficulties with cpx at pressures higher than 3 GPa and also tends to overpredict garnet and underpredict olivine at higher pressures. The extrapolations of fractions to pressures greater than 3 GPa ($90 km) may therefore be incorrect; the divergence of the solidus and liquidus curves in Figure 6 may be an indication of this inaccuracy.
[25] The choice of starting composition affects the mineralogy of the solid, the liquidus, and the solidus. For these calculations, I began with a fertile peridotite because past studies inferred that asthenospheric mantle has been placed directly beneath the crust in the southern Sierra Nevada [e.g., Wernicke et al., 1996; Ducea and Saleeby, 1998b; Farmer et al., 2002] . Both Farmer et al. [2002] and ElkinsTanton and Grove [2003] suggest that remnants of metasomatized mantle lithosphere bearing hydrous minerals (phlogopite) have been melted to produce the potassic basalts at 3.5 Ma. They show that melting occurred at depths greater than 100 km. However, Park and Ducea [2003] present the analyses of 5 xenoliths from the Quaternary Big Pine Volcanic Field which all have K 2 O contents of less than 0.1 wt% and are much more similar to a fertile peridotite than the source of the 3.5 Ma basalts. The MT method is sensitive only to the modern conditions, so use of a fertile peridotite as a starting composition seems reasonable (Table 2) . Because I only use this model as an initial point for discussion of the inferred temperatures and melt fractions, it is not necessary to run a suite of models testing all possible initial compositions.
[26] I use the Hashin-Shtrikman (H-S) upper bound [Hashin and Shtrikman, 1962] for calculation of the matrix 
where k is the Boltzmann constant and T is the absolute temperature in K. The preexponential terms and activation energies are taken from various sources given in Table 3 . Equation (1) neglects the pressure dependence of olivine conductivity because Xu et al. [2000b] concluded that this was only needed for depths greater than 200 km. For the matrix components, opx is the most conductive fraction [Xu and Shankland, 1999] , and Park and Ducea [2003] showed that the H-S upper bound matched the measured conductivity of a lherzolite at atmospheric pressure [Constable and Duba, 1990 , Figure 4 ] to within 10%.
(An older equation for olivine from Shankland and Waff
[1977] was also tested, but the matrix conductivities differed by less than 1 -2% because opx conductivity dominates the solid matrix.) I therefore conclude that the H-S upper bound using opx as the most conductive phase is an appropriate choice for the matrix conductivity.
[27] The matrix conductivity is now combined with the melt fraction and predictions of melt conductivity using equation (2) to yield bulk conductivity versus pressure and temperature (Figure 7) . I assume that the melt fraction forms an interconnected network. Because the melt is much more conductive than the matrix, these two components are again combined with an H-S upper bound. The resulting bulk conductivity (Figure 7) has the desirable property that the change in conductivity with temperature is monotonic for a given pressure. Thus a unique temperature can be identified for each conductivity-depth pair from Figure 3 .
[28] The second step in the transformation process is to determine the pressure and temperature for each conductivity-depth pair in the resistivity model (conductivity of a cell is the inverse of its resistivity). The pressure is estimated from the depth with a simple factor of 30 km per 1 GPa. Once a conductivity-pressure pair is plotted on the bulk conductivity prediction, a temperature can be determined (Figure 7 ). The last step in the transformation is to determine melt fraction from the pressure-temperature pair (Figure 7) . When the transformation is completed for every cell in the model, cross sections of temperature and melt fraction result (Figure 3) .
[29] The sections in Figure 3 represent a step toward geologically more useful images than the resistivity section (Figure 3 ), but comparison to xenoliths is necessary in order Figure 7. Computation of bulk conductivity from matrix conductivity, melt fraction, and melt conductivity. Use of H-S upper bound implies melt is an interconnected phase in the model. Conductivity-depth pairs from Figure 3 are plotted on the bulk conductivity map in order to extract temperature. Pressure and temperature are then used to determine melt fraction.
to assess how well these predictions match the subsurface. None of these xenoliths have been sampled along the MT profile, however (e.g., Kern Volcanic Field, Figure 1 ), so projection of the xenolith localities onto the temperature and melt fraction sections was necessary and may be slightly inaccurate. Nonetheless, these projections are accurate enough to assess how well this transformation works. Miocene peridotitic xenoliths generally yielded temperatures of 950 -1050°C at pressures of 2.2 -3.6 GPa, while the Pliocene and Quaternary xenoliths showed temperatures of 1175 -1250°C at pressures of 0.8 -2 GPa [Ducea and Saleeby, 1996, 1998b] . The Quaternary xenoliths lie above the dry peridotite solidus [Park and Ducea, 2003] , and some primary melt inclusions were found [Ducea and Saleeby, 1998a] . Boxes outlining the approximate locations of these xenoliths are shown on the temperature and melt fraction sections (Figure 3) . Note that the region of >10% partial melt on the extreme western edge of the section results from very low resistivities in a region unconstrained by any MT data and is likely an artifact of the inversion.
Discussion
[30] My transformation predicts temperatures of 1150 -1250°C and no melt where the Miocene xenoliths presumably originated and temperatures of 1400 -1450°C and $3% melt where the Quaternary xenoliths originated. The mismatch in temperatures for the Miocene xenoliths may be due to changes in the lithosphere between Miocene and present, but the Quaternary xenoliths and the MT section presumably sense the same mantle. I thus conclude that while melt fractions are approximately correct, temperatures appear to be overestimated by $200°C. Very little melt is now found except in the shallow portions of the mantle to the east of the Kern River fault (Figure 3) . Melt in the shallow mantle appears to match well with basalt flows in and around the High Sierra (stations 20 -25; Figure 3 ), Darwin Plateau (stations 106 -117), and Death Valley (stations 120 -123).
[31] Temperatures appear to be overestimated both in places where melt is present and where melt is absent. If this problem were only in regions with partial melt, then addition of volatiles such as water to lower the liquidus would be a viable explanation for the discrepancy. A small amount of water could reduce the liquidus and temperatures for a given melt fraction would be lower. However, small amounts of water do not explain the temperature discrepancy in regions where melt is absent. Because the temperatures appear to be overestimated in regions where melt is absent, explanations that affect the matrix conductivity need to be considered.
[32] The transformation of the MT-derived resistivity section results in temperatures that are approximately 200°C higher than those inferred from xenoliths. Reduction of the temperatures estimated from the matrix conductivity (Figure 8 ) by 200°C would require that the matrix be $7 times more conductive for a given temperature. Simultaneously, the melting temperature cannot be shifted substantially or the partial melt fractions will be too high. Possible explanations for this temperature discrepancy include hydrous minerals, incorrect starting composition for pMELTS, exotic melts, incorrect estimation of the bulk conductivity from components, high oxygen concentration, high iron content, and excess concentrations of diffusing ions through the solid matrix.
[33] Pliocene high potassic basalts [Farmer et al., 2002] and xenoliths [Elkins-Tanton and Grove, 2003 ] have led to suggestions that these 3.5 Ma basalts were created by melting of sinking remnants of metasomatized mantle lithosphere at depths greater than 100 km. These remnants contain hydrous minerals (phlogopite) that lower the melting temperature and would lead to an increase in the partial melt fraction estimated for a given depth and conductivity. While use of metasomatized mantle as the starting material would lower the temperature estimated for a given depth and conductivity, it would also raise the partial melt fraction throughout the section. Farmer et al. [2002] also show that the fragments of metasomatized mantle are not widespread. Additionally, the Quaternary xenoliths show no evidence of metasomatism [Park and Ducea, 2003] . Thus I conclude that metasomatized mantle is a not viable explanation for the temperature discrepancy for the entire section.
[34] Basaltic melts have been extracted from the mantle since Miocene times [Manley et al., 2000] , and it is possible that depleted peridotite is a more appropriate starting composition. An initial depleted composition would raise the melting temperature for a given pressure and thus lower estimates of melt fraction for a given temperature. Partially melting a fertile peridotite and then extracting melt would leave the residue relatively enriched in opx (Figure 6 ), thus raising the overall matrix conductivity because opx is the most conductive component of the matrix (Figure 8 ). Both of these potential changes are possibly acceptable, but are the magnitudes sufficient to explain the observed discrepancy in temperature? I tested this by transforming the MT resistivity model using bulk conductivity-pressure-temperature relations calculated for a starting material of depleted peridotite. Oxide ratios from Anderson [1989] for peridotite with 20% melt already extracted were chosen for the depleted mantle because Ducea et al. [1998] estimate 10-30% partial melting was needed to produce the eclogitic Figure 8 . Constituent conductivities computed using equations (1) and (2) with coefficients in Table 3 for a pressure of 3 GPa and subsolidus temperatures. Also shown are bulk conductivities for eclogite and peridotite using mineral fractions predicted from pMELTS. Note that garnet (gar) and orthopyroxene (opx) are the two most conductive fractions.
residue beneath the Sierra Nevada. Estimated melt fractions using the depleted peridotite model are indeed lower than those in Figure 3 , but estimated temperatures are 30°C higher than those from the fertile peridotite model. Thus the overestimated temperatures in Figure 3 cannot be explained by the difference in using a fertile versus depleted peridotite as a starting material.
[35] Ducea and Park [2000] and Park and Ducea [2003] have suggested that the enhanced conductivity beneath the High Sierra could be due to a mix of basaltic and metallic sulfide melts. Addition of <0.1% sulfide melt as blebs could lower the estimate of basaltic melt needed to explain the conductivity anomaly from 3 -5% to <1%, a result more consistent with other petrological evidence [Park and Ducea, 2003] . While sulfide melt could contribute to the conductivity of the partially melted regions (Figure 3) , it seems unlikely that it would be present throughout the section. Even if the sulfide melt were pervasive because temperatures are generally above its solidus, it forms isolated blebs and cannot contribute significantly to bulk conductivity unless it is connected by the basaltic melt [Park and Ducea, 2003] . Thus I conclude that sulfide melt cannot explain the temperature discrepancy.
[36] Carbon films have been suggested to enhance mantle conductivity [Duba and Shankland, 1982] . Recently, Jones et al. [2001] attributed anomalously high (>0.03 S/m) mantle conductivity beneath the Slave craton at depths of 80-100 km to carbon. However, Tsong et al. [1985] show that the diffusivity of carbon is low in olivine and thus relatively immobile. Unless a CO 2 -rich fluid is percolating through the mantle and depositing a carbon film, it is unlikely that carbon could be contributing to higher mantle conductivities. Note that such a fluid would be resistive and would not lower the bulk conductivity.
[37] Bulk conductivity could be incorrectly estimated from the conductivities of the individual elements. Melt has the highest conductivity of any of the components so errors this component are more likely to affect the transformation than the solid minerals. In the absence of melt, Park and Ducea [2003] showed that the H-S upper bound with opx as the most conductive element adequately represented the matrix conductivity of a lherzolite with no melt. Equation (2), which was used for the melt conductivity, was derived from measurements of melt as temperature was varied [Shankland and Waff, 1977] . Roberts and Tyburczy [1999] showed that under conditions of batch melting, the melt composition changes so that its conductivity does not vary as much as that predicted by equation (2). Indeed, they concluded that the melt conductivity was relatively constant at 0.8 S/m.
[38] Tests of the transform with a constant melt conductivity of 0.8 S/m resulted in temperature estimates that were 30-50°C higher than those shown in Figure 3 . A more serious problem is that melt fractions are much higher than those using equation (2). Most of the section below 100 km had melt fractions above 10%, and values exceeded 40% locally. I thus conclude that the melt has to be more conductive than 0.8 S/m if low melt fractions from the xenoliths must be matched.
[39] The conductivities of the individual components of the peridotite could also be underestimated. Conduction in solid olivine at these pressures and temperatures is controlled primarily by migration of defects through the crystal lattice. Conduction due to polaron migration is the controlling factor for olivine conduction Shock et al., 1989] , although Constable and Roberts [1997] found that contributions from electron and magnesium vacancy conduction were needed to explain olivine conductivity and thermopower measurements. Polaron conduction is via hole migration from Fe 2+ to Fe 3+ at sites where iron has replaced magnesium in the crystal lattice. Higher oxygen concentrations enhance the substitution of iron for magnesium . Both oxygen fugacity and iron content will thus alter the conductivity of olivine. Shock et al. [1989] showed that electrical conductivity of olivine could be increased by 10 times if the oxygen fugacity increased by 5.5 orders of magnitude, so a sevenfold increase in matrix conductivity could be explained by an increase in oxygen concentration by 4 orders of magnitude. The fertile peridotite model used to derive the sections in Figure 3 was run using a QFM buffer because this is the expected oxidation state of the mantle [Arculus, 1985] . Nonetheless, I computed a new model with QFM+3 (an increase of 3 orders of magnitude in oxygen concentration) to allow for the possibility that the oxidation state may be different. Upon transforming the MT section again, I obtained low melt fractions that matched the xenolith data (2% for region 1 and 0% for region 2, Figure 3 ). Temperatures for Quaternary xenoliths were still overestimated by 200°C, although they matched for the Miocene ones. It is thus possible that the overestimated temperatures in melt-free regions could be explained by an increase in oxygen concentration, but modeled temperatures in partially melted regions are still too high.
[40] Iron increases the conductivity of olivine by increasing small polaron formation and thus facilitating migration of holes. showed that olivine conductivity increased as [Fe/(Fe+Mg)] 1.8 . Given the starting models in Table 2 , the ratio of Fe to (Fe+Mg) varied from a low of 0.02 to a high of 0.09 for fertile peridotite as the oxygen fugacity varied from 3 orders of magnitude higher than the QFM buffer to 5 orders of magnitude lower. All other compositions tested (fertile and depleted peridotite, eclogite) fell between these values. The fertile peridotite used to generate Figure 3 had a ratio of 0.04, so it is possible that the olivine conductivity could have been underestimated by as much as a factor of (0.09/0.04) 1.8 = 4. Even if olivine were the dominant conducting fraction in the matrix, this factor is still too small to explain the entire temperature discrepancy. Nonetheless, future refinements of the petrological modeling could include the effect of iron concentration because pMELTS computes the relative proportions of iron and magnesium in olivine.
[41] Conductivity of solid olivine can also be enhanced by diffusion of ions such as carbon, oxygen, and hydrogen [e.g., Karato, 1990] , but the diffusion of hydrogen through olivine is 8 orders of magnitude faster than oxygen [Mackwell and Kohlstedt, 1990] and 4 orders of magnitude faster than carbon [Tsong et al., 1985] . Karato [1990] postulated that conductivity could be enhanced tenfold with 100 H/10 6 Si dissolved in olivine crystals based on measurements of hydrogen diffusion coefficients. T. J. Shankland and A. G. Duba (The role of carbon and temperature in determining the electrical conductivity of basins, crust, and mantle, in Geoscience Research Program Annual Summaries FY96, 1996, available at www.sc.doe. gov/production/bes/geo/Publications/FY96Summ/ sect3.htm) measured enhanced conductivity in olivine with small hydrogen concentrations, although extrapolation of his measurements indicates that 100 H/10 6 Si increases conductivity by only a factor of 3.5. A concentration less than 70-200 H/10 6 Si could thus provide our needed sevenfold increase in matrix conductivity. This is an amount comparable to that seen in mid-ocean ridge basalt (MORB) sources [Bell and Rossman, 1992] , so the concentration is reasonable.
[42] A source for hydrogen is also readily available. Prior to $80 Ma, the Sierra Nevada was a volcanic arc formed by subduction of the Farallon plate beneath the North American plate [Saleeby et al., 1986] . While batholithic formation ceased $80 Ma, subduction continued until the Farallon plate was consumed and the current transform margin (the San Andreas fault) began forming at $30 Ma [Atwater, 1989] . Most modern models of subduction generate the magma from a mantle wedge metasomatized by fluids liberated from the subducting plate [e.g., Peacock, 1993] . Thus metasomatized mantle existed beneath the Sierra Nevada until $4 Ma when the lower lithosphere delaminated [Manley et al., 2000] . Sinking lithospheric fragments could melt [e.g., ElkinsTanton and Grove, 2003], liberating fluids that could percolate up into the encroaching asthenospheric mantle directly beneath the Sierran crust. Thus a modestly hydrated asthenospheric mantle could explain the temperature discrepancy.
[43] The Isabella anomaly appears clearly in the temperature section as a cooler region (Figure 3 ). This body is inferred to be eclogitic, however; so a petrologic model using peridotite as a starting composition likely predicts temperatures incorrectly. Eclogite consists primarily of garnet and clinopyroxene, and garnet is one of the more conductive phases (Figure 8 ). The peridotitic matrix will thus be less conductive for a given temperature than would the eclogitic matrix, and the predicted temperature for a given conductivity would be $75°C higher with the peridotitic matrix model than that with the eclogitic matrix (Figure 8 ). This could explain why temperatures are overestimated in the Isabella anomaly, but not elsewhere in the cross section. If compositional differences are ignored, the model predicts a 200 -250°C increase in the Basin and Range mantle compared to the Isabella anomaly. Such an increase is consistent with earlier estimates of temperature differences from xenoliths; peridotic xenoliths are garnet-bearing to the west and garnet-free to the east [Ducea and Saleeby, 1996] . The western boundary of the Isabella anomaly also appears in the temperature section, but it is only weakly constrained by data and the electrical anomaly may extend westward. The Isabella anomaly is characterized by a compressional wave speed increase of at least 3% and has been cited as evidence of a delaminating eclogitic root to the Sierra Nevada because of its high velocity [e.g., Zandt, 2003] . Humphreys and Duecker [1994] have estimated that this wave speed increases 0.6% for each 100°C temperature decrease. Thus a 200°C temperature decrease could result in a 1.2% velocity increase independent of any compositional changes. Only some of the velocity anomaly could be attributed to temperature differences; the remainder must be due to compositional differences.
Conclusions
[44] Using a total of 54 broadband MT soundings and 12 long-period stations spanning 300 km, a 2-D model that is optimized for mantle structure has been inverted. The resulting cross section of electrical resistivity reveals a heterogeneous mantle between Moho at 30 -35 km and depths of $240 km. While much of the section has resistivities low enough (<100 ohm m) to infer partial melt, a transformation using petrological models and laboratory measurements allows separation of conductivity variations from increasing temperature and from partial melt. The melt section derived in this manner reveals that partial melt is relatively uncommon beneath the Sierra Nevada and California Basin and Range. In particular, melt in the shallow mantle is predicted only beneath regions where basalt has erupted since Miocene times. Further, predicted partial melt fractions of a few percent are consistent with estimates from xenoliths.
[45] The temperature model overestimates matrix temperature by $200°C, which could result from uniformly underestimating the matrix conductivity by a factor of $7. The two most likely explanations for an increase in matrix conductivity are higher oxygen concentrations or hydrogen diffusion. I favor hydrogen diffusion because of its high diffusivity in olivine and because it would be readily available from sinking and melting delaminated lithosphere. I infer that the asthenospheric mantle beneath the Sierra Nevada and California Basin and Range is only modestly hydrated; concentrations are comparable to those seen at ocean ridges.
[46] Zandt [2003] has suggested that the Isabella velocity anomaly is the delaminating eclogitic lithosphere formerly beneath the High Sierra. This high wave speed body also has higher resistivities that I attribute to lower temperatures. The eastern, upper, and lower boundaries of this body appear clearly in the resistivity section, but the western boundary is only weakly constrained by the MT data.
